Modeling ocean-cryosphere interactions off Adélie and George V Land, East Antarctica by Kusahara, K et al.
Modeling Ocean–Cryosphere Interactions off Adélie and George V Land,
East Antarctica
KAZUYA KUSAHARA,a HIROYASU HASUMI,b ALEXANDER D. FRASER,a,c SHIGERU AOKI,c
KEISHI SHIMADA,d GUY D. WILLIAMS,e,a ROBERT MASSOM,f,a AND TAKESHI TAMURAg,h,a
aAntarctic Climate & Ecosystems Cooperative Research Centre, University of Tasmania, Hobart, Tasmania, Australia
bAtmosphere and Ocean Research Institute, The University of Tokyo, Kashiwa, Chiba, Japan
c Institute of Low Temperature Science, Hokkaido University, Sapporo, Hokkaido, Japan
dTokyo University of Marine Science and Technology, Tokyo, Japan
e Institute of Marine and Antarctic Studies, University of Tasmania, Hobart, Tasmania, Australia
fAustralian Antarctic Division, Kingston, Tasmania, Australia
gNational Institute of Polar Research, Tachikawa, Tokyo, Japan
hGraduate University for Advanced Studies (SOKENDAI), Tachikawa, Tokyo, Japan
(Manuscript received 5 November 2015, in final form 29 August 2016)
ABSTRACT
Ocean–cryosphere interactions along the Adélie and George V Land (AGVL) coast are investigated using a
coupled ocean–sea ice–ice shelf model. The dominant feature of the Mertz Glacier Tongue (MGT), located at
approximately 1458E, was a highly productive winter coastal polynya system, until its calving in February 2010
dramatically changed the regional ‘‘icescape.’’ This study examines the annual mean, seasonal, and interannual
variabilities of sea ice production; basal melting of theMGT; ice shelves, large icebergs, and fast ice;Dense Shelf
Water (DSW) export; and bottomwater properties on the continental slope and rise, and assesses the impacts of
the calving event. The interannual variability of the winter coastal polynya regime is dominated by the regional
offshore winds and air temperature, which are linked to activity of theAmundsen Sea low pressure system. This
is the main driver of the interannual variability ofDSW exported from theAGVL region. The calving event led
to a decrease in sea ice production that resulted in a decrease in the density ofDSWexport. Subsequently, there
is extensive freshening downstream over the continental shelf and slope regions. In addition, it is found that the
calving event causes a significant decrease in themeanmelt rate of theMGT, resulting from a decrease in ocean
heat flux into the cavity due to ocean circulation changes.
1. Introduction
Numerous coastal latent heat polynyas (also known as
‘‘winter coastal polynyas,’’ hereafter referred to as
‘‘coastal polynyas’’) are present around the Antarctic
continent during the freezing season (Massom et al.
1998; Tamura et al. 2008; Kern 2009). Antarctic coastal
polynyas are areas of open water and newly formed sea
ice adjacent to the coastline or the edges of ice shelves,
fast ice, and grounded icebergs. They typically recur on
the western side of topographic features, which promote
regions of open water by blocking the westward advec-
tion of sea ice by the easterly coastal wind regime
(Massom et al. 1998; Fraser et al. 2012; Nihashi and
Ohshima 2015). Here, large ocean heat losses occur
because of the direct contact between the relatively
warm ocean surface and the very cold air from the
Antarctic continent and ice sheet, resulting in high sea
ice production. The associated brine rejection and in-
crease in the density of the ocean surface layer drives the
generation of the winter mixed layer, which in highly
productive polynya regions can generate cold, saline
Dense Shelf Water (DSW) capable of producing Ant-
arctic BottomWater (AABW). Typical Antarctic water
masses on and off the continental shelf region are shown
in temperature–salinity space in Fig. 1.
Classically, ice shelf basal melt is related to the depth
range, circulation, and melting potential of three key
water masses (Jacobs et al. 1992): DSW, modified Cir-
cumpolar Deep Water (mCDW), and Antarctic Surface
Water (AASW). In highly active polynya regions like
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Adélie and George V Land (AGVL; see Fig. 2), the
DSW can access the ice sheet grounding line where the
temperature difference from the pressure-suppressed
freezing point drives basal melting. In the AGVL re-
gion, DSW is the densest water mass, while mCDW
occupies the middepth range below AASW and there-
fore predominantly interacts with the upper 500m of the
Mertz Glacier Tongue (Williams and Bindoff 2003).
Melting at the base of ice shelves supplies fresh and cold
glacial meltwater to the water column. The freshening
and cooling have opposing buoyancy effects on density
(i.e., freshening decreases seawater density). The
freshening effect on density is stronger than the cooling
effect over Antarctic continental shelves in relevant
depth ranges. Therefore, glacial meltwater contributes
to upwelling along the ice shelf base, and provides less
dense water to the coastal ocean. The increased strati-
fication with the glacial meltwater acts to reduce DSW
formation.
At some critical density, DSW has sufficient negative
buoyancy relative to the ambient water mass on the
continental slope to mix downslope and produce
AABW (Williams et al. 2010). In these overflow regions,
the modified Shelf Waters (mSW) increase in volume
through entrainment of the ambient waters (i.e., mCDW
over the continental slope and rise). DSW formation in
Antarctic coastal polynyas and subsequent AABW
formation over the Antarctic continental slope and rise
play crucially important roles in controlling deep ther-
mohaline circulation and structure.
The Mertz Polynya in the AGVL region is known to
have been the largest coastal polynya in East Antarctica,
dominated by a complex ‘‘icescape’’ (Barber and
Massom 2007). The Mertz Polynya formed in the lee of
the coastline, the Mertz Glacier Tongue (MGT, the
floating part of the Mertz Glacier), and a line of small
grounded icebergs (Fig. 2; Williams and Bindoff 2003;
Lacarra et al. 2011; Dragon et al. 2014). Prior to the
calving of the MGT in early 2010, the Mertz Polynya
was a persistent coastal polynya in winter and showed
very high sea ice production (Tamura et al. 2008).
Further, a large depression/trough (the Adélie De-
pression) exists under the high sea ice production areas,
and this topographic feature aids the storage of DSW
formed throughout the winter (Williams and Bindoff
2003;Williams et al. 2008). There is also a similar coastal
polynya/depression system over the Mertz Depression
on the eastern side of the MGT that is also potentially
important for the export of DSW, albeit of a less saline
variety (Williams et al. 2010). Both depressions have
sills across the shelf break to the north, which pro-
vide the main pathway for DSW export (Williams
et al. 2010).
In February 2010 the MGT calved, resulting from the
repositioning of the large iceberg B9B, and this event
dramatically altered the icescape in the AGVL region
(Legresy et al. 2010). The MGT calving substantially
decreased the MGT polynya size and led to a reduced
sea ice production (Tamura et al. 2012; Dragon et al.
2014). The reduction of sea ice production and the local
melting of a large amount of very thick fast ice resulted
in regional freshening just after the calving event and a
decrease in seawater density over theAdélieDepression
(Shadwick et al. 2013; Lacarra et al. 2014).
Several numerical modeling studies have focused on
dense water formation in the Adélie Depression.
Marsland et al. (2004) reproduced the MGT coastal
polynya system, in terms of its sea ice production and
dense water formation over the Adélie Depression, for
the first time, using a global coupled ocean–sea ice
model. Kusahara et al. (2010, 2011a) showed that a
coupled ocean–sea ice model can produce realistic sea-
sonal variations inDSW formation and export. Cougnon
et al. (2013) used a regional ocean–ice shelf model to
show the impact of basal melting of the MGT on the
density of DSW export. Using the ocean–sea ice model
FIG. 1. Temperature–salinity diagram of observations on the
continental shelf [blue, data from Williams and Bindoff (2003)],
near the Adélie Sill [green, data from Williams et al. (2008)], and
along 1408E [red, data fromAoki et al. (2005)]. See blue, green, and
red dots in Fig. 2 for the locations. Abbreviations of Antarctic
watermasses are overlain. CDW indicates CircumpolarDeepWater,
mCDW modified CDW, AASW Antarctic Surface Water, AABW
Antarctic Bottom Water, mSW modified Shelf Water, DSW Dense
Shelf Water, and HSSW High Salinity Shelf Water. Gray dashed
contours show the potential density, and black lines show two neutral
density surfaces of 28.00 and 28.27 kgm23. The gray straight line
represents the surface freezing points.
164 JOURNAL OF CL IMATE VOLUME 30
of Kusahara et al. (2011a), Kusahara et al. (2011b) as-
sessed the impact of the MGT calving event on sea ice
production and dense water formation, and showed that
the icescape change resulted in a reduction of coastal
polynya activity and denser DSW export. Note that in
our previous modeling studies (Kusahara et al. 2010,
2011a,b), we did not include ice shelves: regions covered
with ice shelves were treated as land grid points. Table 1
is a summary of previous numerical modeling publica-
tions for the AGVL region. Although previous works
focused on DSW formation over the continental shelf
region and export from the shelf break, and some studies
investigated the interannual variation in DSW forma-
tion, their integration periods are too short to properly
investigate interannual variation. Moreover, there has
yet to be a modeling study that focuses on the AABW
properties over the continental slope and rise down-
stream of the AGVL region.
In this study, wemodel all key processes in and around
the AGVL region in a single model: notably, sea ice
production in coastal polynyas, basal melting of ice
shelves/large icebergs/fast ice, DSW formation and ex-
port over continental shelf regions, and AABW distri-
bution over continental slope and rise regions. This
comprehensive study fills the gaps in previous modeling
studies (Table 1).
2. A coupled ocean–sea ice–ice shelf model
This study used a coupled ocean–sea ice–ice shelf
model that was utilized by Kusahara and Hasumi (2013,
2014). The model used an orthogonal, curvilinear, hor-
izontal coordinate system. Two singular points of the
horizontal curvilinear coordinate were placed on the
Indonesian Archipelago (188S, 1308E) and the East
Antarctic Ice Sheet (728S, 1408E) to regionally enhance
the horizontal resolution around the AGVL region,
while keeping the model domain almost global.
The vertical coordinate system of the ocean model
was a hybrid of s and z coordinates; the s coordinate
was applied to the uppermost levels between the free
surface and 15m below the mean surface level to avoid
FIG. 2. Bottom topography in the Adélie and George V Land region. Red dashed contours
indicate horizontal grid spacing in the model. Gray shaded areas are fast ice with a thickness of
15m in the model. Purple lines with labels (A–D) indicate the shelf break sections used for the
analysis of water exchanges between the continental shelf and slope regions. Black crosses
show the specified locations of grounded icebergs. Blue, green, and red dots show the locations
for temperature and salinity profiles used in Fig. 1. Black lines shows the depth contour, with
100-m (500m) intervals in the regions shallower (deeper) than 1500m. Ice shelves, large ice-
bergs, and fast ice in this figure are shown for the pre-MGT calving configuration (CTRL case).
The area enclosed by the blue line indicates the grounding line corrected with interferometric
SAR analysis. DT indicates the D’Urville Trough, DTS the D’Urville Trough Sill, AB the
Adélie Bank, AS the Adélie Sill, AD the Adélie Depression, CB the Commonwealth Bay, WB
the Watt Bay, BB the Buchanan Bay, MB the Mertz Bank, MGT the Mertz Glacier Tongue,
MS theMertz Sill,MD theMertzDepression, NB theNinnis Bank, N an iceberg detached from
the Ninnis Glacier, NIS the Ninnis Ice Shelf, FI fast ice, CSD the Cook Shelf Depression, and
CIS the Cook Ice Shelf.
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outcropping of surface layers, and the z coordinate was
applied below that. The vertical grid spacing in the
z-coordinate region was 5m (1 grid) immediately below
the s coordinate and 20m (99 grids) in depth range from
20 to 2000m. Below 2000m, we used 60 grids at a spacing
of 50m. The maximum ocean depth in the model was set
to 5000m to save computational resources. The ice shelf
component was only applied over the z-coordinate re-
gion. A partial step representation was adopted for both
the bottom topography and ice shelf draft to represent
them optimally in the z-coordinate ocean model (Adcroft
et al. 1997).
The sea ice component used one-layer thermodynam-
ics (Semtner 1976) and a two-category ice thickness
representation (Hibler 1979). Prognostic equations for
momentum, mass, and concentration were taken from
Mellor and Kantha (1989). Internal ice stress was for-
mulated by the elastic-viscous-plastic rheology (Hunke
andDukowicz 1997) and sea ice salinitywas fixed at 5 psu.
In the ice shelf component, we assumed a steady shape
in the horizontal and vertical directions. The freshwater
flux at the base of ice shelves was calculated with a three-
equation scheme, based on a pressure-dependent freezing
point equation and conservation equations for heat and
salinity (Holland and Jenkins 1999). This model was not
eddy-resolving and did not include tidal forcing, and thus
we used the velocity-independent coefficients for the ther-
mal and salinity exchange velocities (i.e., gt5 1. 03 10
24
and gs5 5. 053 10
27, respectively; Hellmer and Olbers
1989). This is equivalent to assuming a mixed layer velocity
of about 20cms21 under the ice shelves. The modeled
meltwater flux and the associated heat flux were imposed
on the ice shelf–ocean interface.
The ocean model included a uniform third-order
polynomial interpolation algorithm for tracer advec-
tion (Leonard 1993), isopycnal diffusion with a co-
efficient of 1. 03 101 m2 s21, isopycnal layer thickness
diffusion with a coefficient of 1. 0m2 s21 (Gent et al.
1995), and a surface mixed layer parameterization based
on turbulence closure (Noh and Kim 1999). Under the
ice shelves, the surface mixed layer parameterization
was neglected.
The horizontal grid spacing over theAGVL region was
less than 7km (Fig. 2). This relatively high horizontal
resolution enabled the simulation to produce high sea ice
production and dense water formation along the Ant-
arctic coastal margins (Marsland et al. 2004; Kusahara
et al. 2010, 2011a). The global bathymetry for the model
was derived from the General Bathymetric Chart of
the Oceans (GEBCO; IOC et al. 2003), while ice shelf
draft and bathymetry under the ice shelf were obtained
from the 1-min refined topography (RTopo-1) dataset
(Timmermann et al. 2010).
The drafts of large grounded icebergs (B9B and an
iceberg detached from the Ninnis Glacier; Massom
2003) were set to 200m. In reality, these large icebergs
are grounded somewhere at the base. However, we
prescribed that these icebergs are afloat, as with ice
shelves, because there is no accurate information about
the icebergs’ draft and a small water column thickness
between the sea floor and the iceberg base near the
grounding position leads to numerical instability. In our
previous models (Kusahara et al. 2010, 2011a,b), the
large icebergs were treated as land grid points. Although
we are not sure which treatment is better, in this study
the afloat approximation was used to estimate ocean–
large iceberg interaction. The grounding line of theMGT
was estimated by interferometric synthetic aperture radar
(SAR) analysis using ERS-1 and ERS-2 satellite data
(T. Yamanokuchi 2011, personal communication), and its
draft was set to 550m, which was extrapolated from the
draft from Rtopo1 near the grounding line (see the area
enclosed by the blue line in Fig. 2). The actual draft
near the grounding line is known to be deeper than this
(Legrésy et al. 2004; Mayet et al. 2013), and thus the dif-
ference may lead our model to underestimate the basal
melt rate near the grounding line.
North of 408S, temperature and salinity were restored
to the monthly mean climatology of the World Ocean
Atlas 1998 (Levitus et al. 2013) throughout the water
column with a damping time scale of 10 days. Outside of
East Antarctica (i.e., west of 508E and east of 1628E,
where the horizontal resolution becomes coarser), sea
surface salinity was restored to the monthly mean cli-
matology to suppress unrealistic deep convection in
some regions (e.g.,Weddell Sea). Daily surface boundary
TABLE 1. Foci of previous ocean modeling studies in the Adélie
andGeorgeVLand region.M2004 indicatesMarsland et al. (2004);
M2007,Marsland et al. (2007);K2010,Kusahara et al. (2010);K2011A,
Kusahara et al. (2011a); K2011B, Kusahara et al. (2011b); C2013,
Cougnon et al. (2013); K2013, Kusahara and Hasumi (2013); and
S2016, Schodlok et al. (2016); an em dash (—) means not available.
Annual Seasonal Interannual Calving
Sea ice
(ice production)
M2004 M2004 M2004 K2011B
K2010 K2011A M2007
K2011A
Ice shelf
(basal melting)
K2013
C2013 — C2013 —
S2016
Water masses
(dense shelf water)
M2004 M2004 M2004 K2011B
M2007 K2011A M2007
K2010 C2013
K2011A
K2011B
C2013
Water masses
(AABW)
— — — —
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conditions for the model were surface winds, air tem-
perature, specific humidity, downward shortwave,
downward longwave, and freshwater flux. To calculate
the wind stress and sensible and latent heat fluxes, we
used the bulk formula of Kara et al. (2000). When the
surface air temperature was below 08C, precipitation was
treated as snow.
Fast ice is sea ice that is fastened to the Antarctic
coastline and edges of ice shelves, large icebergs, and
grounded icebergs. Extensive fast ice has been identified
along the East Antarctic coast (Fraser et al. 2012;
Nihashi and Ohshima 2015). Before the MGT calving
event, perennial consolidated fast ice with an estimated
thickness of up to 50m existed on the eastern side of the
MGT (Massom et al. 2010), althoughmuch of the fast ice
in the wider region was likely considerably thinner
(Giles et al. 2008).We introduced areas of multiyear fast
ice into the model as constant-thickness (15m) ice shelf
grid cells. Although in reality the horizontal distribution
and thickness of fast ice vary seasonally and interann-
ually (Fraser et al. 2012), the spatial distribution of
multiyear fast ice in the model was assumed to be con-
stant in time as a first approximation. The fast ice in the
model had zero salinity, which was a reasonable ap-
proximation to an observed low salinity of 1.5 psu for
multiyear fast ice (Tang et al. 2007).
Coastal polynya regions can also form on the
downwind/downstream side of lines of small grounded
icebergs, aswell as along coastlines and ice fronts (Massom
et al. 1998). We prescribed the grid points with lines of
small grounded icebergs by setting the sea ice velocity to
zero, to incorporate blocking of sea ice advection by
subgrid-scale grounded icebergs in the model (Kusahara
et al. 2010). Note that oceanic flow was permitted below
these grid cells.
We performed a 40-yr simulation driven by present-
day climate conditions, as the CTRL case. Surface
boundary conditions were calculated from the atmo-
spheric surface data of ERA-Interim (Dee et al. 2011).
Initial values of temperature and salinity were derived
from the January climatology of theWorld Ocean Atlas
1998 (Levitus et al. 2013) and the ocean velocities were
initially set to zero. We integrated the model for the first
five years using the 1979 forcing repeatedly to spin up
the sea ice fields. Subsequently, we performed a hindcast
simulation for the period 1979–2013.
We also performed numerical experiments for the
postcalving configuration in which we assumed that a
portion of the floating part of the MGT, large icebergs,
and extensive fast ice on the eastern side of the MGT
instantly disappeared. We conducted two experiments
in which the calving event was assumed to occur on
1 January of 2010 and 2000 (the C2010 and C2000 cases).
The initial conditions of the two experiments were de-
rived from the results in the CTRL case. Although the
icescape configurations were largely simplified com-
pared to the actual time-varying settings (including the
precalving period), dynamical interpretation is more
straightforward using this approximation. The C2000
case was conducted to understand how quickly the sys-
tems change after the instantaneous icescape change by
comparison with the C2010 case and to show that the
numerical results are independent of the timing of the
calving event.Moreover, the results from the C2000 case
were utilized to obtain better long-term-averaged fields
without the biases that come from interannual
variability.
3. Annual/mean state and seasonal variation in the
precalving configuration
Before examining the interannual variability and im-
pacts of the icescape change on the physical ice and ocean
systems, we describe the model representations of the
annual/seasonal fields of 1) sea ice production; 2) basal
melting of ice shelves, large icebergs, and fast ice; and
3) the ocean structures around the AGVL region. Here,
we compare themodel results from theCTRLcase (i.e., the
precalving configuration) for each component with
satellite-based estimates, in situ observations, and pre-
viousmodeling studies to assess themodel’s performance.
a. Annual sea ice production
Active sea ice production areas (.20myr21) are re-
produced in themodel in coastal regions east of 1408E, on
the western side of theMGT, and west of the ‘‘dagger’’ of
small icebergs (Fig. 3). The magnitude of ice production
exponentially decays from the coastline or ice front,
with a typical decay scale distance of 100km. There is
another area of active sea ice production, with production
higher than 15myr21, south of the Mertz Depression.
The modeled spatial distribution of high sea ice pro-
duction over the Adélie andMertz Depressions is largely
consistent with satellite-based estimates (Tamura et al.
2008, 2012). Total annual mean sea ice production over
the Adélie and Mertz Depressions (areas enclosed by
gray line and lines of small grounded icebergs in Fig. 2)
for the period 1979–2013 in the model is 204 6 16 and
926 13km3yr21, respectively. The model estimates are
higher than the estimates from Tamura et al. (2008) for
the period 1992–2009 (Adélie Depression: 139 6
21 km3 yr21; Mertz Depression: 53 6 12 km3 yr21).
However, the algorithm for the satellite-based estimate
is tuned for thin ice areas (Tamura et al. 2008), and the
observed sea ice production in the offshore areas could
be underestimated (Kusahara et al. 2010). Taking
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account of these circumstances, the modeled sea ice
production over the AGVL region shows reasonable
agreement with observational estimates, providing
confidence in this model’s ability to reproduce regional
ocean–sea ice interaction.
b. Basal melting at ice shelves and fast ice
The annual basal melt rate and amount at ice shelves and
fast ice in the model is summarized in Table 2. Active basal
melt rates higher than 5myr21 are producedon thewestern
part of theMGT (Fig. 4a). The total basalmelt of theMGT
is estimated to be 17.0Gtyr21, which is larger than recent
observational estimates [7.9Gtyr21 in Rignot et al. (2013)
and 5Gtyr21 in Depoorter et al. (2013)]. Previous obser-
vational estimates range from 5 to 44Gtyr21, with a wide
range of basal melt rate (0.87–18myr21; Table 3).
The average basalmelt rate of fast ice, 0.46–1.47myr21,
is smaller than that of the ambient ice shelves and large
icebergs; however, the fast ice melt amount accounts for
27% of the total melt from ice shelves, icebergs, and fast
ice, due to its large areal extent. This result suggests that
extensive melting of fast ice strongly contributes to the
FIG. 3. Maps of mean annual sea ice production (m yr21) (a) before and (b) after the calving
of the Mertz Glacier Tongue. The sea ice production in the CTRL and C2010 cases were
averaged over 1979–2013 and 2010–13, respectively. Purple lines show the boundaries of the ice
shelf regions. Areas of sea ice production below 3m yr21 are masked out. Thick black lines
show boundaries of icebergs and fast ice before the MGT calving. Black circles show the lo-
cations of grounded icebergs, which block sea ice advection. The contours show the depth, with
200-m intervals in regions shallower 1000m. Gray lines indicate the boundaries used for cal-
culating sea ice production.
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regional freshwater input over theAGVL region.Annual
precipitation on the fast ice in this region is estimated to
be about 65 cmyr21 water equivalent (1979–2013 average
in the ERA-Interim dataset). The precipitation is insuf-
ficient to sustain the active melting fast ice. In reality,
much of the fast ice in this region is formed by dynamical
interactions between advected sea ice and coastal pro-
trusions, such as the coastline, ice front, or small icebergs
(Fraser et al. 2012), and is heavily deformed by dynamic
interactions (Massom et al. 2010). The modeled basal
melt rates of the fast ice are achievable if there is enough
input from advected sea ice. It is, however, difficult to
estimate the contribution of advected pack ice to themass
balance of the fast ice.
The area-averaged basal melt rate of theMGT is at its
maximum in summer and minimum in winter (Fig. 5), as
modeled for total melting of Antarctic ice shelves by
Dinniman et al. (2015). The interannual variation of the
monthly basal melt rate (shown as error bars) is largest
in summer and smallest in winter. As explained later in
this section, cold water formed in the coastal polynya
dominates the water masses flowing into the MGT
cavity every winter, regulating the basal melt to its
minimum rate. On the other hand, in summer, inter-
annually variable warm water intrusions from the shelf
break bring a large amount of heat onto the continental
shelf, resulting in the higher and more variable basal
melt rates. Areas of large seasonal basal melt difference
are produced on the western side of the ice shelves,
icebergs, and fast ice, and the maximum basal melt rate
occurs from December to March (Fig. 6). These spatial
distributions of basal melt rate difference and peak
month coincide with the timing of warmwater intrusions
onto the continental shelf region.
Floating ice shelves melt at the base due to the input
of thermal energy from the ocean (Jacobs et al. 1992).
Here, we focus on the water masses flowing into the
MGT cavity across the ice shelf edge to examine the
oceanic heat input and its seasonality. In the CTRL case
(Fig. 5c), relatively warm waters with temperatures
of21.68 to20.48C are transported into the MGT cavity
during summer (December–March), resulting in high
basal melt rates from the MGT (Fig. 5a). From June to
October, colder waters with surface freezing point
temperatures dominate the water masses flowing into
the cavity, resulting in lower basal melt rates. The warm
waters during summer originate from AASW and
mCDW intrusions onto the continental shelf, crossing
the Adélie Sill (Fig. 7a). Vertical profiles of temperature
and potential density along the southwestern flank of the
Mertz Bank (i.e., along the center of the intrusion) in
both summer and winter are shown in Fig. 8. Water with
temperatures higher than 0.08C is present over the
continental slope region, and the subsurface tempera-
ture maximum is found at a depth range of 50 to 200m in
summer and at approximately 150m in winter. In sum-
mer, there is strong stratification of salinity and density
in the surface 50–100-m layer (Fig. 8a). Although the
subsurface temperature gradually decreases from the
Adélie Sill to the MGT, the water under the MGT in
summer is warm enough to melt it. When compared to
observed summer water properties over the southwest-
ern flank of the Mertz Bank (Lacarra et al. 2011), the
boundary between AASW and mCDW is less clear in
the model due to an overestimate of AASW, noting that
the modeled intrusion of the temperature maximum is
shallower than the observed one. In winter, the model
does reproduce the mCDW intrusion at intermediate
depths (Kusahara et al. 2011a), and cold water domi-
nates the water column in the coastal region (Fig. 8b).
c. Dense shelf water export across the shelf break
Vertical profiles of temperature, salinity, potential
density, and ocean velocity along the shelf break
TABLE 2. Mean and interannual standard deviation of basal melt amount and rate of ice shelves, large icebergs, and fast ice at the
features (A–I) labeled in Fig. 4. The basal melting amount and rate are calculated from the water flux with an assumption of a seawater
density of 1028 kgm23 and an ice shelf density of 917 kgm23. NIS is the Ninnis Ice Shelf and CIS the Cook Ice Shelf.
CTRL (1979–2013) C2010 (2010–13)
Area Amount Rate Area Amount Rate
Label Name (km2) (Gt yr21) (m yr21) (km2) (Gt yr21) (m yr21)
A (A0) MGT 5887 17.0 6 2.52 3.14 6 0.47 3518 3.1 6 1.13 0.95 6 0.35
B (B0) Fast ice 1353 1.8 6 0.57 1.47 6 0.45 256 0.1 6 0.06 0.22 6 0.24
C Iceberg 405 0.9 6 0.17 2.43 6 0.47 — — —
D NIS (west) 1761 3.9 6 0.74 2.43 6 0.46 1761 2.7 6 0.27 1.69 6 0.16
E B9B 2710 7.9 6 1.90 3.18 6 0.77 — — —
F (F0) Fast ice 15323 11.0 6 5.00 0.78 6 0.35 1468 0.3 6 0.07 0.22 6 0.05
G NIS (east) 246 0.2 6 0.05 0.86 6 0.24 246 0.2 6 0.01 0.78 6 0.04
H Fast ice 678 0.3 6 0.18 0.46 6 0.29 678 0.1 6 0.03 0.15 6 0.05
I CIS 3483 5.3 6 1.40 1.66 6 0.44 3483 4.0 6 0.20 1.24 6 0.06
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between 1348 and 1568E are shown in Fig. 9 for Sep-
tember and Fig. 10 for February. The shelf break is de-
fined as the 500-m depth contour (purple line in Fig. 2).
The ocean velocity in Figs. 9 and 10 indicates the com-
ponent normal to the tangential line of the shelf break,
and positive values indicate an offshore direction.
DSW is exported from the AGVL region during
winter from three areas (Fig. 9): The Mertz Sill/Bank,
the Adélie Sill/Bank, and the sill in the D’Urville
Trough (hereafter called the D’Urville Trough Sill).
DSW is characterized by high salinity and low temper-
atures near the surface-freezing point. The densest and
coldest DSW export is found near the Adélie Sill/Bank.
The salinity of the DSW is higher than 34.7 psu, its
temperature is close to the surface-freezing point, and the
potential density near the seafloor reaches 27.90kgm23.
The dense DSW signature spreads extensively between
1418 and 143.58E. The temperature of the DSW export
from the Mertz Sill/Bank is at approximately 21.58C,
warmer than that from the Adélie Sill/Bank, and its po-
tential density is closer to 27.85kgm23. The features of
the DSW export reproduced in the Adélie and Mertz sill
regions in this model are consistent with previous ob-
servational and modeling studies (Williams et al. 2010;
Kusahara et al. 2011a). There is one additional region of
active DSW export from the D’Urville Trough Sill, lo-
cated farther west of the Adélie Bank. In summer, when
the export of DSW from the Adélie Sill/Bank and Mertz
Sill/Bank substantially decreases, export from theD’Urville
Trough Sill is still active (Fig. 10).
Next, the seasonal cycle of DSW export is examined
(Fig. 11). The shelf break line is divided into four sections
(sectionsA–D; see Fig. 2). Here,DSW is defined as water
masses with potential density higher than 27.84kgm23
and potential temperature lower than 20.58C. No DSW
export is observed from section D. DSW export across
section B (the Adélie Sill/Bank) starts to increase from
May, reaches a maximum in September, and then sub-
stantially decreases in November–December and is al-
most zero from January to April. DSW export from
section C (the Mertz Sill/Bank) shows a similar seasonal
cycle, but theDSWdensity is lower than that from section
B, in agreement with Williams et al. (2010). In section A
(the D’Urville Trough Sill), DSW export with a maxi-
mum potential density of 27.90kgm23 is found from
winter to spring. The export from section A reaches its
maximum in November and its minimum in June. The
peak month in section A is delayed by two months
FIG. 4. Maps of annual basal melting (myr21) of ice shelves, large
icebergs, and fast ice in the CTRL and C2010 cases (see also Table 2).
The basal melt rate is calculated from the water flux with an as-
sumption for the seawater density of 1028 kgm23 and an ice shelf
density of 917 kgm23. The sea ice production in the CTRL and
C2010 cases was averaged over 1979–2013 and 2010–13, respectively.
Contours show the depth, with 200-m intervals in regions shallower
than 1000m. Ice shelves, icebergs, and fast ice with labels A–I are
used in Table 2. Purple lines in (b) show the boundaries of icebergs
and fast ice in the precalving configuration.
TABLE 3. Comparison of ice shelf basal melting with previous
studies for the Mertz Glacier Tongue (MGT) in the precalving
configuration. In the method column, O stands for oceanographic
estimate, S satellite estimate, CM a circumpolar model, and RM
a regional mode.
MGT Amount Rate Method
Observation (Gt yr21) (m yr21)
Bindoff et al. (2001) 44 — O
Rignot (2002) — 18 S
Berthier et al. (2003) — 11 S
Rignot et al. (2013) 7.9 1.4 S
Depoorter et al. (2013) 5 0.87 S
Ocean–ice shelf models (Gt yr21) (m yr21)
This study 17.0 3.14 CM with a
regional focus
Kusahara and Hasumi
(2013)
7.8–10.7 1.07–1.46 CM
Cougnon et al. (2013) 11.4 1.9 RM
Schodlok et al. (2016) 7.4–13.4 1.28–2.32 CM
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relative to that in section B. However, there is no signif-
icant sea ice production over the D’Urville Trough. An
examination of seasonal bottom salinity over the conti-
nental shelf shows the propagation of a high salinity
anomaly from the Adélie Depression to the D’Urville
Trough (not shown). This indicates that DSW export
from section A is related to sea ice production over the
Adélie Depression, and that the time lag of two months
corresponds to the advection time scale.
d. Antarctic Bottom Water over the continental slope
and rise
Modeled vertical profiles of annual mean temperature
and salinity along 1408E are shown in Fig. 12. Water
properties observed in 1994 (Aoki et al. 2005) are sub-
sampled and overlain on the figure, as colored dots.
Looking at the vertical profile of the modeled temper-
ature (Fig. 12a), there is a subsurface maximum at a
depth of 200 to 800m north of 628S, with waters warmer
than 28C. The temperaturemaximum corresponds to the
center of Upper Circumpolar Deep Water. The central
depth of themodeled temperaturemaximum (red line in
Fig. 12a) is at 300-m depth at 628S and becomes shal-
lower toward the coastal region. This tendency is re-
versed around 648S, where the depth of the modeled
temperature maximum deepens toward the coast. A
potential temperature of 0.08C is often used as an upper
boundary of the AABW over the deep ocean. The
thickness of waters colder than 0.08C in the model is
approximately 1000m, and the waters colder than 0.08C
over the deep ocean are directly connected to the con-
tinental shelf region, where the temperature is close to
the surface freezing point. Note that the initial condition
dataset does not resolve the regional frontal structure
over the continental slope and rise regions due to the
coarse horizontal resolution (18), and therefore the
structure in Fig. 12 is produced by the internal physics of
the model. Observed bottom temperatures are lower
than 20.48C over the lower continental slope and rise.
Here, the model reproduces water masses colder than
0.08C, but the minimum temperature is about 20.28C,
which is warmer than that observed. This warm bias
exists all along the 1408E section. Next, looking at the
vertical profile of the modeled salinity (Fig. 12b), there
is a maximum value of 34.7 psu at a depth of 1000 to
2000m. This modeled salinity maximum corresponds to
the center of Lower Circumpolar Deep Water. The sa-
linity core depth is 1700m in the offshore region (red
line in Fig. 12b) and shallows to 800m toward the coastal
region. The vertical profile of salinity in themodel is also
consistent with the observations. This comparison of
water properties indicates that the model does to some
FIG. 5. Seasonal variation of (a),(b) basal melt rate at theMGT and (c),(d) water transport into theMGT cavity, for the (left) CTRL and
(right) C2010 cases. Error bars in the top indicate one standard deviation of interannual variability of the monthly basal melt rate over
each integration period (1979–2013 and 2010–13). A scale next to (b) is equivalent annual melt rate (m yr21). Color in the bottom
represents water temperature (8C).
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extent realistically reproduce water masses over the
continental slope and rise, although there are differ-
ences near the fronts and at the very bottom.
Bottom distributions of modeled mean temperature
and its seasonal variation are shown in Fig. 13. Observed
temperature from the World Ocean Database 2009
(Boyer et al. 2009) is shown as symbols in Fig. 13a. Note
that the timing (month and year) of the observations
differs between locations. The horizontal distribution of
the bottom temperature and its seasonal amplitude is
used to investigate the spreading pathways of newly
formed bottomwater over the continental slope and rise
regions. Since there is a large contrast in temperature
between CDW and DSW (Fig. 12a), the potential tem-
perature is useful for tracing AABW. As shown in
section 3c (Fig. 9), DSW is being actively exported from
theMertz Sill/Bank, theAdélie Sill/Bank, and theD’Urville
Trough Sill (Fig. 13a). Waters colder than 20.48C are
present in the observations just offshore of the Adélie
Sill/Bank. The model results are approximately consis-
tent with the observed temperature, in terms of the
large-scale temperature contrast between continental
slope and deep ocean regions. However, as also shown
in Fig. 12, there are strong warm biases in the bottom
temperature over the Australian Antarctic basin (see
the inset of Fig. 13a).
A large seasonal temperature change is found near the
three DSW export regions, showing that DSW overflow
occurs seasonally (Fig. 13b), with the strongest signal
observed being around the Adélie Sill/Bank. The cold
signal from the Adélie Sill/Bank extends into Septem-
ber, consistent with the seasonality of DSW export
across the shelf break. It takes about twomonths for this
cold injection from the continental shelf and slope re-
gion to reach 3000-m depth and become a source water
for AABW.
FIG. 6. Maps of (a) peak month of basal melt rate at ice shelves,
icebergs, and fast ice and (b) the seasonal difference. The monthly
averaged melt rate is based on results from 1979 to 2013. Contours
indicate the water depth with an interval of 200m. Labels A–I are
used in Table 2.
FIG. 7. Horizontal distributions of ocean potential temperature
(8C) and velocity (cm s21) at 150-m depth in summer (averaged over
December–March) in the (a) CTRL and (b) C2010 cases. The depth
of 150m approximately corresponds to the draft of the MGT edge.
The averaging period is 1979–2013 for the CTRL case and 2001–13
for the C2000 case. Circles with numbers in (a) indicate modeled
stations along the southwestern flank of theMertz Bank to show the
modeled vertical sections of temperature and density in Fig. 8.
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4. Interannual variability due to atmospheric
forcing
a. Sea ice production
Annual sea ice production over both the Adélie and
Mertz Depressions consistently covaries on the scale of
years to decades with that of the entire AGVL coastal
region (Fig. 14). Henceforth, we focus on the total sea ice
production over theAGVL regionwhen investigating the
interannual variability. Modeled sea ice production has
a decreasing trend before the early 1990s, and sub-
sequently a positive trend. Pronounced interannual var-
iability is present on top of the decadal variability.
A time series of sea ice production estimated from
satellite data [updated from Tamura et al. (2008)] also
shows a positive trend for the period 1992–2009. The
modeled positive trend after the 1990s is consistent with
the satellite-based estimate.
Correlation analyses with wind and surface air tempera-
ture from 1979 to 2013 reveal that sea ice production over
the AGVL region is enhanced by northward winds and
colder air temperature (Figs. 15a,b). Atmospheric variables
averaged over winter (May–October) are used for the cal-
culations.Offshorewinds naturally bring colder air from the
Antarctic continent and thus the two atmospheric variables
are not completely independent of each other (i.e., both are
controlled by large-scale atmospheric phenomena). To il-
lustrate the connection between sea ice production and
large-scale atmospheric variability, a correlation map with
surface air pressure is shown in Fig. 15c. A significant
negative correlation is found over the Amundsen–
Bellingshausen Seas, with a pattern that is similar to the
Amundsen Sea low (Hosking et al. 2013). In fact, there is a
significant negative correlation (20.49) between AGVL
sea ice production and the mean atmospheric sea level
pressure averaged around the Amundsen Sea (Fig. 14).
Given that theAGVL region is located on thewestern edge
of the Amundsen Sea Low, a stronger Amundsen Sea low
leads to enhanced cold northward winds over the AGVL
region, giving higher sea ice production in this region.
b. Basal melting of the MGT
In this examination of interannual variability, we de-
fine the annual value of basal melting as the sum of
FIG. 8. Vertical sections of potential temperature (8C, color) along the southwestern flank of
theMertz Bank (i.e., the center of the warmwater intrusion from theAdélie Sill to theMGT) in
(a) summer (averaged overDecember–March) and (b) winter (averaged over July–October) in
the CTRL case (precalving configuration). Potential density anomaly (kgm23) is shown by
contours. The averaging period is 1979–2013. The horizontal axis indicates the distance from
station 1 at the shelf break and the numbers on the upper horizontal axis indicate the stations in
the model (see the Fig. 7).
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monthly melt amount from November in the previous
year to October in the current year, taking account of
seasonal variations (Fig. 5). Themagnitude of basal melt
in the early 1980s (i.e., 1980–83) is lower than the mean
level (17Gt yr21), and subsequently the total annual
melt varies between 15 and 20Gt yr21 (Fig. 16).
Coastal easterly winds drive westward flowing ocean
currents over the continental slope. Correlation analyses
against atmospheric variables (wind, air temperature,
and surface air pressure) in the period from 1985 to 2013
(Fig. 17) suggest that the stronger easterly coastal winds
enhance the westward flowing coastal current and in-
trusions of mCDW across the shelf break onto the
continental shelf, thus increasing basal melt rates under
the MGT (shown as negative correlations near the red
box in Fig. 17). Atmospheric variability averaged over
the summer (from December to March) is used for the
calculations, because basal melting of the MGT is most
active in summer. A significant circumpolar negative
correlation between MGT basal melting and eastward
wind is found in the latitudinal band between 658 and
508S, and the spatial pattern of surface air pressure is
consistent with the negative phase of the southern an-
nular mode (SAM). In fact, after 1985 there is a signif-
icant negative correlation (20.50) between the MGT
basalmelting and aSAMindex (NOAA/NationalWeather
Service/Climate Prediction Center; ftp://ftp.cpc.ncep.noaa.
gov/cwlinks/norm.daily.aao.index.b790101.current.ascii).
Prior to 1984, there seems to be a positive relationship
between the two (Fig. 16).
As discussed in section 3b, the main heat source for
the basal melt of the MGT is intrusion of warm mCDW
into the shelf region. A vertical profile of the correlation
of MGT basal melting with mean ocean temperature
averaged from December to March along the south-
western flank of the Mertz Bank is shown in Fig. 18. A
significant positive correlation is found in the subsurface
layer from 50 to 300m near theMGT edge (the southern
FIG. 9. Vertical sections of (a) potential temperature (8C), (b) salinity (psu), (c) potential density (kgm23), and (d) the velocity normal to the
section (cm s21) in September along the shelf break between 1348 and 1568E in the CTRL case (precalving configuration). Positive (negative)
velocity indicates offshore (onshore) advection. The horizontal axis indicates the distance from the western edge (1358E) of the purple line in
Fig. 2. DTS stands for the D’Urville Trough Sill. The averaging period is 1979–2013. The other abbreviations are as in Fig. 2.
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part of the Adélie Depression), which corresponds to a
horizontal temperature gradient on the slope (Fig. 8a).
No significant correlation exists in the surface layer,
where there is strong stratification in density (as shown
in Fig. 8a), suggesting that the surface air temperature
(Fig. 17b) does not directly contribute to warm sub-
surface waters flowing into the MGT cavity.
c. DSW export and bottom properties over the
continental slope/rise
Here we examine the interannual variability of DSW
export across the previously defined shelf break sec-
tions A–C (Fig. 19a). Annual DSW export is defined as
the sum of monthly DSW export from June in the
current year toMay in the subsequent year. A potential
density of 27.88 kgm23 is used as the lower threshold
density of DSW. This density threshold is often used as
the criterion for DSW from the AGVL region to ulti-
mately form AABW (Bindoff et al. 2001; Williams and
Bindoff 2003; Williams et al. 2010). The export of DSW
denser than 27.84 kgm23 is also shown for section C, to
capture the outflow of relatively less dense DSW from
the Mertz Sill.
The interannual variation of DSW export from the
three sections concurs with that of local sea ice pro-
duction (green line in Fig. 19). Similar to the long-term
variability of regional sea ice production (Fig. 14), the
DSW export shows a decrease from 1979 to the early
1990s, and then a subsequent increase. The DSW ex-
ported from sections A, B, and C is significantly corre-
lated with the regional sea ice production, confirming
that brine rejection from coastal polynyas drives the
variability in the DSW exports.
The variability in DSW export is not related to that in
basal melting from the ice shelves and fast ice. From the
ocean perspective, active sea ice formation means
removing a large amount of freshwater, resulting in
salinification (e.g., brine rejection). The effects of sea ice
formation and basal meltwater input on ocean density
are opposing. A comparison of surface freshwater fluxes
caused by sea ice production and the basal melting re-
veals that the contribution of sea ice production is about
FIG. 10. As in Fig. 9, but for February.
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one order of magnitude larger than that of basal melting
(Figs. 14 and 16). This indicates that sea ice production is
the main control on the interannual variation of DSW
export from the AGVL region. Through the DSW ex-
port, the bottom temperature over the continental slope
and rise also fluctuates consistently with the interannual
variation of sea ice production (Fig. 19b).
5. Regime shift due to MGT calving
The relocation of iceberg B9B in January–
February 2010 dramatically changed the local ice-
scape in the AGVL region; part of the floating ice
tongue of the Mertz Glacier (about 75 km in length)
calved and most of the thick fast ice on the eastern
side of the MGT broke out (Legresy et al. 2010;
Massom et al. 2010). Here, we examine the impact of
the calving event on the physical environment, based
on a comparison of model results in the CTRL and
C2000/C2010 cases.
a. Sea ice production
High sea ice production areas on the western side of
the MGT and B9B disappear in the C2000 and C2010
cases, but new production areas are formed along the
new icescape across the coast between 1418 and 1518E
(Fig. 3b for the C2010 case). The total sea ice pro-
duction in the AGVL region averaged from 2010 to
2013 decreased by 26% from 434 to 319 km3. The
change of sea ice production due to the calving event is
larger than the interannual variability (standard de-
viation in the CTRL case: 36 km3 for 1979–2013),
indicating a pronounced change in the surface salt and
freshwater balance in the AGVL region. There is no
pronounced difference between the C2000 and C2010
cases after 2010 (Fig. 14), confirming that the
FIG. 11. Seasonal variation ofDSWexport across the shelf break sectionsA–C (see purple line in Fig. 2) in the (top) CTRL and (bottom)
C2000 cases. The averaging period is 1979–2013 for the CTRL case and 2001–13 for theC2000 case. DSW is defined bywatermasses which
are denser than the potential density of 27.84 kgm23 and cooler than20.58C. The color shows the potential density anomaly of the DSW
in 0.02 kgm23 bins and the red line indicates 27.88 kgm23.
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distribution of sea ice production and its total responds
quickly to the change in icescape.
b. Basal melting of ice shelves and fast ice
The icescape change also resulted in a pronounced
decrease in the amount and rate of basal melting from
ice shelves and fast ice (Figs. 4b and 16). The total basal
melt amount of the MGT decreased substantially from
17.0 to 3.1Gt yr21. While the areal extent of the MGT
decreased by 40%, the total amount of melt decreased
by 70%. The mean melt rate in the southern part of the
MGT (A0 in Fig. 4b) substantially decreased from 2.63 to
0.95myr21 after the calving event. Mean melt rates of
the other ice shelves and fast ice were also reduced.
The change in the temperature profile of water masses
flowing into theMGT cavity explains the sharp decrease
in the basal melt rate for the regions that remained after
calving (Fig. 5). Ocean circulation was dramatically
altered by the MGT calving (Fig. 7b). Cold waters are
now present in the southern part of the Mertz and
Adélie Depressions (i.e., along the coastline or ice front)
because new coastal polynyas in the postcalving icescape
are now formed there (Fig. 3b). The dominance of cold
water in the MGT cavity, which comes from a change of
ocean circulation, results in the decreased melt rate of
the MGT, ice shelves, and fast ice in the AGVL region.
c. DSW and AABW
The icescape change has two different effects onDSW
formation in the AGVL. One is that the change in
coastal polynya configuration leads to a change in sea ice
production distribution and amount, resulting in a large
change to the surface salt flux (Fig. 3). The reduction in
sea ice production directly leads to a decrease in the
formation and export rate of denser classes of DSW in
winter (Fig. 11). The other effect is that the change in
FIG. 12. Vertical section of annual-mean (a) potential temperature and (b) salinity along
1408E in the CTRL case. The annual mean fields are the average over 1979–2013 in the CTRL
case. The vertical scale is different above and below 600m. Red lines indicate the depths of the
modeledmaximum temperature and salinity in the intermediate depth. Colored circles indicate
observed properties in January 1994 (Aoki et al. 2005).
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open water area (i.e., the complete removal of the front
of the MGT, the large icebergs, and extensive fast ice)
leads to substantial modifications to the coastal ocean
circulation, resulting in enhanced intrusions of mCDW
from east of 1508E onto the continental shelf. The in-
crease in mCDW means an increase of warmer and less
saline waters relative to cold and saline waters origi-
nating from coastal sea ice production, eventually
FIG. 13. Horizontal distributions of (a) annual mean bottom temperature, (b) the seasonal
temperature difference, and (c) the month that shows the minimum temperature. These plots
are based on the annual/monthly mean fields averaged over 1979–2013. In (a), observed
temperatures derived from the World Ocean Database 2009 (Boyer et al. 2009) are super-
imposed as colored symbols. The inset in (a) is a scatterplot of bottom temperature between
observation and model. Circles, triangles, and squares show bottom temperature at the regions
where the bottom depths are 1000–2000m, 2000–3000m, and deeper than 3000m, respectively.
The 95% confidence level for n5 153 is at r5 0.16. In all panels, the distributions in the region
deeper than 1000m are plotted. Black boxes labeled X and Y show areas used for the com-
parison of bottom water properties in Fig. 19.
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leading to an increase in lighter DSW export in spring
and summer (Fig. 11). At the three shelf break sections
(the Adélie Sill/Bank, the Mertz Sill/Bank, and the
D’Urville Trough Sill), the combination of these two
effects changes the DSW export and subsequent water
properties over the continental slope and rise.
The calving event has extensive effects on the bottom
properties over the AGVL continental shelf, slope, and
rise (Fig. 20). The anomalies in temperature and salinity
are calculated by subtracting the annual mean fields for
2001–13 in the CTRL case from those in the C2000 case.
Different color scales are used for the continental shelf
and continental slope/rise regions, because the magni-
tude of the anomaly is significantly different in the two
regions across the shelf break. Enhanced signals of
mCDW (warming and increased salinity) are found over
the Ninnis Bank and the Mertz Depression. This signal
in the annual mean field extends to the Adélie De-
pression. These salinification signals over the continen-
tal shelf result from enhanced intrusions ofmCDW from
the Cook Shelf Depression. Even though the surface salt
flux over the Adélie Depression is reduced (Fig. 3), the
bottom salinity in the annualmean field is increasedwith
the salinity compensation by the enhanced mCDW in-
trusion. Note that the reduction in sea ice production
leads to a decrease of DSW export from the Adélie Sill/
Bank and the winter salinity in the Adélie Depression.
An extensive freshening signal over the continental shelf
west of 1428E results from the reduction in surface salt
flux over the Adélie Depression.
In the CTRL case, dense and cold water pre-
dominantly occupies theMertz Depression, and a strong
west–east density front is formed between 1508 and
FIG. 14. Time series of modeled annual mean sea ice production
in the AGVL region. Blue, purple, and red lines indicate sea ice
production over theAdélie Depression, theMertz Depression, and
the whole of the AGVL region, respectively (see areas enclosed by
gray lines in Fig. 3). The green line shows the time series of mean
sea level pressure in the Amundsen and Bellingshausen Seas
(Hosking et al. 2013; https://legacy.bas.ac.uk/data/absl/, the vari-
able name: ASLSectorP), averaged over winter (May–October).
Vertical dashed lines indicate the start of the postcalving experi-
ments (C2000 and C2010 cases). Thin lines without and with dots
indicate results from the C2000 and C2010 cases, respectively.
FIG. 15. Correlation maps of modeled sea ice production in the AGVL region with atmo-
spheric surface variables (a) meridional wind, (b) surface temperature, and (c) sea level
pressure for the period 1979–2013. The red box shows the AGVL region. In (c), the dashed line
shows the defined areas for calculation of the variableASLSectorP inHosking et al. (2013). The
95% confidence level (1979–2013, n 5 36) is at r 5 0.33.
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1528E (Fig. 21). Warm water from the Cook Shelf De-
pression is redirected northward by the density front
nearly aligned with the topographic contour. In the
C2000 case, the density front is not formed because of
the reduction of coastal sea ice production (Fig. 3b).
There is a rather weak south–north density gradient,
which enables warm mCDW to intrude westward onto
the continental shelf region.
Next, we show the influence of the calving event on the
DSW export. DSW transport, with a 0.02kgm23 bin in-
terval of potential density, is estimated to avoid dependence
on the selected threshold. The influence on DSW export is
assessed from the profile of cumulative DSW export
(Fig. 22). The net reduction of sea ice production over the
AGVL region leads to reduction in denser DSW export,
and enhanced mCDW transport from the east leads to an
increase in lighter DSW export (Fig. 22d). The change in
DSW export depends on the export region.
In section A (the D’Urville Trough Sill), export of
DSW denser than 27.86kgm23 is substantially decreased
due to the reduction in sea ice production over theAdélie
Depression. In section B (the Adélie Sill/Bank), export
FIG. 16. Time series of total annual basal melt under the MGT (black) and the SAM index
(red). Thin lines without and with dots indicate results from the C2000 and C2010 cases, re-
spectively. Vertical dashed lines indicate the start of the postcalving experiments (C2000 and
C2010 cases). The mass exchange between ice shelf and ocean is expressed as riwi or rowo,
where r and w are density and vertical velocity, respectively, and the subscripts of i and o
indicate ice shelf and ocean, respectively. The basal melting amount is calculated from rowo
with the seawater density of 1028 kgm23.
FIG. 17. Correlation maps of basal melt beneath the MGT with atmospheric surface variables
(a) eastwardwind, (b) surface temperature, and (c) sea level pressure for the period 1985–2013. The
red box shows the AGVL region. The 95% significant level (1985–2013, n 5 29) is at r 5 0.37.
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of DSW denser than 27.90 kgm23 slightly decreases,
but that of DSW lighter than 27.88 kgm23 increases,
resulting from a combination of changes in surface salt
flux and mCDW on the shelf region. In section C (the
Mertz Sill/Bank), enhanced mCDW increases the total
DSW export. A reduction in denser DSW export occurs
in winter and an increase in lighter DSW export is ob-
served in spring and summer (Fig. 11).
Cooling/freshening and warming/salinification signals
are also found over the continental slope and rise regions
west and east of 1438E, respectively (Fig. 20). The
freshening signals are just offshore from the shelf break in
sections A and B, where the export of denser DSW is
decreased by the reduction of sea ice production in the
AGVL region. The cooling signal results from the in-
crease in lighter DSW export. The warming/salinification
FIG. 18. Vertical profiles of the correlation between ocean temperature and basal melt at the
MGT for the period 1985–2013. Unshaded areas exceed the 95% significance level (r 5 0.37).
Numbers on the upper horizontal axis indicate positions along the southwestern flank of the
Mertz Bank (see Fig. 7).
FIG. 19. Time series of (a) DSW export and (b) bottom temperature on the continental slope
and rise (see boxes labeled by X and Y in Fig. 13 for the locations). Thick blue, red, and orange
lines indicate export of DSWdenser than 27.88 kgm23, from sections A, B, and C, respectively.
The thin orange line indicates export of DSW denser than 27.84 kgm23 from section C. The
green line indicates the interannual variability of modeled sea ice production over the Adélie
Depression, as a representative of the AGVL region. The black thick and thin lines in
(b) correspond to the bottom temperature on continental slope and rise, respectively.
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signals are offshore from the Mertz Bank, corresponding
to the pathway of DSW from the Mertz Depression. In
the Mertz Depression, warmer and more saline mCDW
comes from the east and enhances the mCDW contri-
bution to local dense water formation, resulting in a
warming and salinification of the bottomwater properties
over the continental slope and rise.
Finally, the change in bottom properties is quantita-
tively compared with the seasonal and interannual var-
iability to assess the impact of the calving event (Fig. 23).
We select an area over the continental slope around
1368E (see the box marked ‘‘Z’’ in Fig. 20), where the
change in bottom properties is relatively large. The ef-
fect of the modeled calving event is to reduce the mean
bottom temperature, averaged over the period 2001–13,
by 0.0318C and the mean salinity by 0.0046psu. The
change in bottom temperature caused by the calving
event is smaller than the seasonal and interannual var-
iability. However, the bottom salinity change has a
comparable magnitude to the interannual variability,
indicating that the MGT calving has an impact on the
salinity over the continental slope and rise regions. Note
that the results in the C2010 case show similar changes to
the C2000 case, for the period of overlap (2010–13).
6. Summary and discussion
We investigated the annual, seasonal, and interannual
variabilities in sea ice, ice shelves/fast ice basal melting,
and the ocean properties around theAGVL region, East
Antarctica, and examined the responses of each to the
icescape change resulting from the MGT calving event.
The modeled sea ice production and its spatial pattern
(Fig. 3) are consistent with the satellite-based estimates
FIG. 20. Map of differences in annual mean bottom water properties, that is, (a) temperature
and (b) salinity between the C2000 and CTRL cases (C20002CTRL). The annual mean fields
are calculated for the period 2001–13. The green lines are the 1000-m depth contour (i.e., the
approximate position of the shelf break). Color scales are different in the continental shelf and
deep ocean regions. The box labeled with Z indicates an area used in Fig. 23. Location names
are as in Fig. 2.
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of Tamura et al. (2008), as well as previous ocean–sea ice
modeling studies (Marsland et al. 2004; Kusahara et al.
2010, 2011a). In the region between 1408 and 1498E,
active sea ice production areas where the annual pro-
duction is higher than 10myr21 are reproduced along
the coastline or the edges of ice shelves, icebergs, and
fast ice.
The regional sea ice production in the model is signif-
icantly correlated with the local offshore wind and colder
air temperature on interannual time scales (Fig. 15). Sea
ice production has a significant correlation with sea level
pressure variability over the Amundsen–Bellingshausen
Seas (Fig. 14). With the AGVL region located on the
western part of the pressure systemand this result that the
AGVL regional atmospheric variabilities are coupled
with the pressure system, it is therefore intuitive that cold
offshore winds from the Antarctic continent enhance the
local sea ice production in the AGVL region.
The MGT calving significantly changed the icescape
in theAGVL region, resulting in large changes to sea ice
production, in terms of both its amount and distribution
(Fig. 3). The total sea ice production after the calving
event is reduced by approximately 26%, which is larger
than the range of interannual variability, indicating that
the calving event strongly impacts sea ice and ocean
(Fig. 14). Thismagnitude of the reduction in regional sea
ice production roughly coincides with the satellite esti-
mate of 14%–20% by Tamura et al. (2012).
We have estimated the basalmelt amount and rate of ice
shelves, large icebergs, and fast ice in the model (Fig. 4 and
Table 2). The basal melt of these elements is high in sum-
mer and low inwinter (Figs. 5 and 6). The large interannual
summer variability is controlled by the magnitude of warm
water intrusion from the shelf break (Figs. 7, 8, and 18). In
contrast, the winter melt amount and rate are very stable
because of the dominance of waters at the surface freezing
point temperatures in the MGT cavity (Fig. 5).
The annual mean melt rate of the MGT in the pre-
calving configuration is 3.1myr21 and the total melt
amount is 17.0Gt yr21, which is larger than recent
FIG. 21. Map of annual mean temperature (colored), potential density (pink contour), and
ocean flow direction at 150-m depth. The annual mean in this figure is for 2001–13. Location
names are as in Fig. 2.
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observational andmodeling studies (Table 3). It is found
that the basal melt of fast ice contributes approximately
25% to the regional meltwater flux (Table 2). Areas of
highest basal melt areas are present on the northwest-
ern/western side of ice shelves, large icebergs, and fast
ice, where warm waters intrude from the continental
slope (Figs. 6, 5c, 7, and 8). Correlation analyses be-
tween the MGT basal melting and surface atmospheric
variables reveal that the strong westward coastal wind
enhances the intrusion of warm water onto the conti-
nental shelf (Figs. 17 and 18) and leads to high basal melt
of the MGT. The icescape change associated with the
MGT calving event substantially modifies the pattern of
water masses flowing into the MGT cavity, from warm
waters to near-surface freezing temperature waters
(Fig. 5). The change in water masses results in a lower
mean basal melt rate (Fig. 4 and Table 2).
DSW over the AGVL continental shelf outflows
through three regions: the Adélie and Mertz Sills/Banks
and the D’Urville Trough Sill (Figs. 9, 10, 11, and 13).
Our modeling result suggests a triple system for DSW
export. The characteristics of the DSW exported from
the Adélie and Mertz Sills/Banks agree with previous
observational and modeling studies (Williams et al.
2010; Kusahara et al. 2011a). At the moment, there are
no direct observations available to validate the DSW
export from the D’Urville Trough Sill; however, some
studies of sedimentation have speculated on the exis-
tence of a DSW outflow here (Denis et al. 2006; Crosta
et al. 2008; Presti et al. 2011). DSW exports from the
Adélie and Mertz Sills/Banks peak in winter (Fig. 11),
consistent with a seasonal variation in sea ice production
in the AGVL region. In contrast, the peak month of
DSW export from the D’Urville Trough Sill is delayed
by two months. Given that there is no pronounced sea
ice production over the D’Urville Trough, DSW export
from the D’Urville Trough Sill is controlled remotely by
the sea ice production in the Adélie Depression, with a
time lag of two months corresponding to an advection
time of high-salinity water from the east. The in-
terannual variability of DSW export from the three sills
is related to local sea ice production in theAGVL region
(Figs. 14 and 19). The contribution of sea ice production
to the freshwater balance is about one order of magni-
tude larger than that of the basal melting of ice shelves
and fast ice, in terms of the mean and its variability
(Figs. 14 and 16). This confirms that sea ice production is
the main factor in DSW formation and variation.
FIG. 22. Cumulative DSW export from the AGVL region. Black and red lines show the CTRL and C2000 cases,
respectively. The standard deviation (i.e., the interannual variability) is shown for the CTRL case only.
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The change in the regional icescape due to the MGT
calving has two effects on DSW export: a reduction in
the export of the denserDSW from a reduction in sea ice
production (Fig. 3) and an increase in the export of
lighter DSW from enhanced mCDW intrusions onto
continental shelf regions (Figs. 11, 20, and 21). The re-
sponses of the DSW export from the three regions are
different (Fig. 22). From the Mertz Sill/Bank, an in-
crease of mCDW inflow slightly enhances the export of
lighter DSW. From the Adélie Sill/Bank, on the other
hand denser DSW export decreases and lighter DSW
increases. From the D’Urville Trough Sill, the reduction
in sea ice production over the Adélie Depression results
in a decrease of DSW export. The changes to DSW ex-
port lead to consistent changes in bottom water prop-
erties over the continental slope and rise regions
(Figs. 20 and 23). Strong freshening signals are found off
the Adélie Sill/Bank and D’Urville Trough Sill, and
warming/salinification is produced off the Mertz Sill/
Bank.
In our previous study (Kusahara et al. 2011b), we
used a coupled ocean–sea ice model, in which ice
shelves, large icebergs, and fast ice were fixed as land
points and there was no ocean–ice shelf interaction. Our
present study results are consistent with the previous
one, in terms of the total reduction of sea ice production
and denser DSW export caused by the MGT calving.
However, in the previous model, there was a large re-
duction in denser DSW export from the Mertz De-
pression, inconsistent with this study. Since the Mertz
Depression was semiclosed by solid land grid points in
the previous model, the DSW in the depression before
the calving event had a higher density than that in the
present model.
There are some limitations in the present study, as
identified by comparing the model with observations.
We have discussed the impacts of the MGT calving
event, based on the two extreme pre- and postcalving
configurations. However, the actual icescape in the
AGVL region changes with time, and time-varying
changes in the position of B9B position and the fast
ice distribution would be crucial for the distribution of
the surface salinity, freshwater, and momentum fluxes
(Tamura et al. 2016). In situ ocean observations re-
ported pronounced freshening signals of DSW in the
Adélie Depression following the calving (Shadwick
et al. 2013; Lacarra et al. 2014). Contrary to the observed
freshening, our model showed that, in the postcalving
configuration, the reduction in the surface salinity flux is
compensated by lateral salinity flux by enhanced
mCDW intrusions from the east (Fig. 21). The differ-
ence may arise from our model limitation of time-
independent configurations (i.e., only the two extreme
configurations).
Our model does realistically reproduce the vertical
profile of water masses along 1408E (Fig. 12) and the
bottom temperature distribution off the AGVL region.
However, there are warm biases in the bottom temper-
ature (Figs. 12a and 13a), which are likely related to the
insufficient horizontal and vertical resolution in the
model. While the model has fine horizontal resolution in
the AGVL region, the horizontal resolution in the other
DSW and AABW formation regions (e.g., the Ross Sea;
;15 km) is not sufficient to represent circumpolar dense
water formation and outflow processes. Observations
have shown that Ross Sea Bottom Water plays an im-
portant role in bottom water properties in the Austra-
lian Antarctic basin (Jacobs and Giulivi 2010; Shimada
et al. 2012), and thus poor representation of the remote
FIG. 23. Time series of bottom properties (a) temperature and
(b) salinity on the continental slope (within the box labeled with Z
in Fig. 20). Light lines showmonthly averaged values and dark lines
show the 13-month running averages. Mean values and standard
deviations for the CTRL and C2000 cases are shown on the right.
Vertical red and green dashed lines indicate the start of the post-
calving experiments (the C2000 and C2010 cases).
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bottom water formation would also result in warm bia-
ses in the bottom temperatures. We adopted z co-
ordinates for the vertical coordinate system, but it is
known that very high resolution is required to ade-
quately represent downslope flow of dense waters
(Wang et al. 2008). Although we used a relatively high
vertical resolution of 20–50m, this may be still in-
sufficient for reproducing downslope processes and it
also leads to excessive mixing with warm water and
subsequent warm biases at bottom. Related to this
problem, the excessive mixing may lead to a weak re-
sponse of bottom properties to the MGT calving event.
Numerical experiments before and after the MGT
calving event reveal that icescape changes have wide
impacts on interconnected physical systems all over the
AGVL region (i.e., sea ice production, basal melt of ice
shelves and fast ice, DSW formation and export on the
continental shelf, andAABWover the continental slope
and rise). A recent study by Campagne et al. (2015) has
suggested, from analysis of sediment core data, that the
Mertz Polynya activity is regulated not only by atmo-
spheric variability on interannual time scales but also by
such calving events on centennial time scales.
Our modeling study suggests that regional icescape
changes have wide-ranging impacts on physical systems
through changes to sea ice production and ocean circu-
lation that are themselves connected. This indicates that
changing theAntarctic coastal configuration with a scale
of several tens of kilometers can extensively change the
basin-scale Southern Ocean and Antarctic cryosphere.
Generally, changes to the Antarctic ice shelves occur
regularly. Rapid increases of ice discharge from the
Antarctic Ice Sheet over the past few decades are being
reported from satellite observations (Rignot et al. 2008),
indicating the possibility of further icescape changes in
the near future. This strongly underlines the need to
monitor ice shelves, sea ice, and fast ice, which are
linked by ocean processes. Needless to say, further im-
provement of numerical models, for example dynamic
fast ice (Lemieux et al. 2015), is required to better
simulate and understand coastal processes in time-
dependent configurations (Tamura et al. 2016). Com-
binations of in situ and satellite observations with
improvements in numerical modeling are very impor-
tant for assessing the changing nature of the Southern
Ocean and Antarctic climate systems.
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